ABSTRACT: A better understanding of the electronic structure of perovskite materials used in photovoltaic devices is essential for their development and optimization. In this investigation, synchrotron-based photoelectron spectroscopy (PES) was used to experimentally delineate the character and energy position of the valence band structures of a mixed perovskite. The valence band was measured using PES with photon energies ranging from ultraviolet photoelectron spectroscopy (21.2 eV) to hard X-rays (up to 4000 eV), and by taking the variation of the photoionization cross sections into account, we could experimentally determine the inorganic and organic contributions. The experiments were compared to theoretical calculations to further distinguish the role of the different anions in the electronic structure. This work also includes a thorough study of the valence band maximum and its position in relation to the Fermi level, which is crucial for the design and optimization of complete solar cells and their functional properties.
INTRODUCTION
The replacement of fossil fuels is an environmental obligation, and to limit greenhouse gas emission there is an urgent need to develop the use of renewable energy. Among the available technologies, solar energy is probably the most attractive. Solar cells are based on the conversion of energy from sunlight into electricity. A wide range of materials can fulfill this conversion with varying performance, cost, and characteristics suitable for different potential applications. 1, 2 Perovskite solar cells (PSCs) have emerged recently and are outperforming most other emerging solar cell technologies in terms of power conversion efficiency. The breakthrough was initiated by using methylammonium lead tri-iodide (CH 3 NH 3 PbI 3 ) as a photoabsorber in a dye-sensitized solar cell (DSSC)-like structure. 3 Today perovskite solar cells are often constituted of a thin polycrystalline perovskite layer of a few hundred nanometers sandwiched between charge-selective contacts. Over the past few years, the continuous development of the perovskite materials; of the deposition process; 4, 5 and of the other constituents of the solar cell devices, i.e. hole and electron transport materials, 6−9 has allowed an impressive improvement in performance and stability. This has raised the power conversion efficiency of perovskite solar cells from 3.8% in the initial work in 2009 to a certified efficiency of 22.1% in 2016.
10, 11 The highest efficiencies reported to date in the literature have been obtained by perovskites with the general formula AMX 3 where A is a mixture of the cations methylammonium (CH 3 NH 3 + , MA) and formamidinium (CH 3 (NH 2 ) 2 + , FA), and potentially also Cs + and/or Rb + ; M is the Pb 2+ ion; and X is a mixture of halides, i.e., I − and Br − . 12 Not only the performance but also the stability of these materials has recently been improved making these materials more viable for commercialization. 13, 14 Understanding the atomic and electronic structure of perovskites and their interfaces is important for further improvement of the material properties, such as interfacial chemistry, band gap, and band gap states, as well as the positions of the conduction and valence band edges. 15−17 Among the different experimental techniques, photoemission spectroscopy, also referred to as photoelectron spectroscopy (PES), can provide unique information at an atomic level on the chemistry at interfaces.
In solar-cell research, ultraviolet photoelectron spectroscopy (UPS, hν = 21.2 or 40.8 eV, i.e., He I and He II lines, respectively) is frequently used to obtain information on the density of states and also to construct energy level diagrams for combinations of materials in solar cell devices. The construction of these diagrams requires the determination of the work function of a material as well as the position of the valence band maximum (VBM) or highest occupied molecular orbital level versus the Fermi or vacuum level. Such information is crucial in the design of a complete solar cell where the energy matching between the various components will influence the overall performance. Although X-ray photoelectron spectroscopy (XPS, hν = 1486.6 eV or 1253.7 eV) and by extension, synchrotron-based PES such as SOXPES (hν < 1500 eV) and HAXPES (hν > 2 keV), can be used in the same way, these techniques are more commonly used in investigations of the properties of the separate materials through their core level peaks including chemical composition (quantitative and qualitative).
While studies employing a single photon energy (such as UPS and XPS) are common, measuring valence spectra at a range of photon energies can give additional information. There are, however, several aspects to take into consideration when going from a few electronvolts to several kiloelectronvolts and when comparing the results and spectra obtained: (1) The evolution of the inelastic mean free path (IMFP) of the emitted electrons, which increases when their kinetic energy increases, and as a consequence the contributions from different probing depths. Changes of the photon energy thus allow for a variation of the analysis depth from a few angstroms to several nanometers and open the possibility to investigate either the outermost layer or more bulk-like properties. (2) The use of different photon energies also affects the photoionization cross sections (σ) with values available for different core levels and often estimated from theoretical predictions of atoms. In the valence levels, cross sections may be approximated from the orbital composition and hybridization together with the individual atomic cross sections. As a consequence, it is possible to exacerbate the contribution of some specific atomic orbitals by selecting a photon energy where the cross sections for a specific component is maximized compared to others.
Experimental insights into the detailed electronic structure are of importance for developing a better understanding of the PSCs. In our previous work, we investigated the core level peaks of state-of-the-art perovskites with the emphasis on the surface chemical composition and using quantification considerations. 18 In this work, we delve deeper into the possibility of varying the photon energy in the PES measurements to experimentally delineate the character of the valence levels in the material. We describe also how the determination of the VBM is influenced by the photon energy used and as a consequence by the techniques employed to estimate it. We present PES data on a hybrid organic−inorganic perovskite material with special attention given to the valence band spectra using different photon energies going from 21.2 to 4000 eV. The perovskite material selected, in our case (MA 0.15 FA 0.85 Pb(I 0.85 Br 0.15 ) 3 ), is one of the best performing compositions and thus a highly relevant material to investigate in detail. It is composed of both cation and anion mixtures and referred to as "mixed perovskite" in the rest of the paper. 11, 19, 20 Similarly efficient PSCs have been made with the addition of small amounts of Cs 21 and/or Rb. 22, 23 Supporting calculations based on density function theory (DFT) were also performed, which assist in the assignment of spectral features and help rationalize the photon energy dependence in PES. The main objectives of the calculations were to give chemical insight into how the molecular orbitals (hybridization) are generated and to support the experimental findings. For this purpose, two simpler model systems, MAPbI 3 and MAPbBr 3 , were used which allowed us to give a general interpretation of the valence level structure of the mixed perovskite material.
EXPERIMENTAL AND THEORETICAL METHODS
2.1. Material Preparation. The perovskite material investigated in this work was prepared in line with a previous work in which a detailed material preparation protocol can be found. 18 The sample is composed of fluorine-doped tin oxide (FTO), a compact TiO 2 -layer, a mesoporous layer of TiO 2 , and a mixed perovskite deposited by spin coating using a one-step antisolvent method. The perovskite material is composed of both cation and anion mixtures: MA 0.15 FA 0.85 Pb(I 0.85 Br 0.15 ) 3 . In addition to a so-called stoichiometric material, two other mixed perovskites were prepared based on a nonstoichiometric precursor solution containing either excess or a deficiency of PbI 2 . Most of the results shown in the main part of the current paper will refer to the sample with PbI 2 excess, as this composition showed the most homogeneous surfaces and gave solar cells with the best performance. 19, 20 In short, for the material reported here, the mixed perovskite was prepared by mixing 0. After preparation of the perovskite materials, the samples were stored in a sealed box together with common desiccants to avoid any influence of moisture. The box was opened only prior to the PES analysis, and the samples were quickly introduced into the vacuum chamber after less than 5 min in air after being placed on the sample holder.
2.2. Photoelectron Spectroscopy. Photoelectron spectroscopy measurements were performed at two different synchrotron facilities with two complementary photon energy ranges.
Hard X-ray PES (HAXPES) was carried out at BESSY II (Helmholtz Zentrum Berlin, Germany) at the KMC-1 beamline 24 using the HIKE end-station. 25 The end-station is provided with a usable photon energy range from 2 to 12 keV; the photon energy is selected using a double-crystal monochromator (Oxford-Danfysik), and the photoelectron kinetic energies (KE) were measured using a Model R4000 analyzer (Scienta) optimized for high kinetic energies. In this work, photon energies of 2100 and 4000 eV were used by selecting the first-order light from a Si(111) and Si(311) crystals, respectively. The pressure in the analysis chamber was ∼10 −8 mbar. Soft X-ray Photoelectron spectroscopy (SOXPES) measurements were carried out at the beamline I411 at the Swedish National Synchrotron Facility Max IV Laboratory in Lund,
The Journal of Physical Chemistry C Article Sweden. The end-station was in this case provided with a usable photon energy range from 50 to 1500 eV. The photon energies were selected using a modified Zeiss SX-700 monochromator, and the photoelectron kinetic energies (KE) were measured using a Scienta R4000 WAL analyzer. The pressure in the analysis chamber was ∼10 −8 mbar. Measurements with photon energies of 80, 250, 500, and 758 eV were recorded.
Overview spectra were measured with a pass energy (Ep) of 500 eV, while 200 eV was used for core peaks and valence band spectra. The HAXPES spectra presented in this work were energy calibrated versus the Fermi level at zero binding energy, which was determined by measuring a gold plate in electric contact with the sample and setting the Au 4f 7/2 core level peak to 84.0 eV. On the basis of this measurement, the overall resolution was better than 0.5 eV. The SOXPES spectra were energy aligned to the HAXPES spectra using the Pb 5d 5/2 core level peak that was set to 19.82 eV.
The UPS spectrum presented in this work was performed on a PHI5000 VersaProbe and the UPS radiation was generated by a He-gas discharge lamp (He Iα at 21.22 eV). The UPS spectrum was energy calibrated by setting the Fermi edge of clean silver at 0 eV.
The IMFP graphs and values presented in this work were generated with the software QUASES-IMFP-TPP2M applying the Tanuma, Powell, and Penn (TPP-2M) algorithm. 26 Finally, the photoionization cross sections were extracted from refs 27 and 28 for the 0−1500 eV energy range and available in ref 29, while energies above 1500 eV were based on the Scofield database. 30 
Computational Details.
To assign the measured PES and to simulate the spectral dependence on the energy of the incoming photons, we use molecular orbital theory within the Kohn−Sham formulation of DFT. This allows us to combine the contribution from each atom to the electronic density of states (DOS) with the energy dependence in the photoelectron cross section for each element. The analysis is based on the partial density of states (PDOS) of each element (Pb, I, Br, C, N) in the pure MAPbI 3 and MAPbBr 3 compounds, of which parts have already been presented in Figures 5 and 6 in our previous study. 31 The PDOS was obtained from the Kohn− Sham orbitals in the Quickstep program within the CP2K software suite 32−35 using a dispersion-corrected BLYP functional in Γ point calculations. 36−39 Supercell (2 × 2 × 2) models of the CH 3 NH 3 PbI 3 (s) and CH 3 NH 3 PbBr 3 (s) unit cells were calculated with GTH pseudopotentials 40−42 in combination (denoted GPW) with Gaussian basis sets (DZVP-GTH) 43 to describe the wave function and an auxiliary plane wave basis to describe electron density. The PDOS data was convoluted by a Gaussian function with full width at half-maximum of 0.5 eV and shifted for alignment with the experimental spectra. Further computational details can be found in our previous work. 31 As a complement to the calculations of the pure CH 3 NH 3 PbI 3 (s) and CH 3 NH 3 PbBr 3 (s) compounds, we also present in the Supporting Information results from calculations of the presently investigated compound with mixed counterions and mixed halide ions. The computational approach of this calculation is described in the Supporting Inormation.
RESULTS AND DISCUSSION
The main objective of the present investigation is to experimentally characterize and interpret the valence spectra. This includes an analysis of the extended valence spectra but also an in-depth discussion of the valence band maximum (VBM). Before proceeding with the analysis of the valence levels, we will introduce the effects of photon energy variation on the core level spectra and highlight the impact of the IMFP and photoionization cross sections on the different spectra and their interpretation. These parameters will also affect the interpretation of valence level spectra.
3.1. Impact of the Photon Energy Variation on the Core Level Peaks. As mentioned in the introduction, the notion of IMFP of an emitted electron is directly linked to the surface sensitivity to the measurement. The evolution of the IMFP will be slightly different for different elements and/or materials but follows a similar general trend. Figure 1a presents the evolution of the IMFP of the pure elements constituting our mixed perovskite, i.e., Pb, I, Br, C, and N. It is well-known that the IMFP increases as a function of the kinetic energy; thus, for a given core level peak, more surface information is obtained when a lower photon energy is used.
The overview spectra of our mixed perovskite recorded with 758, 2100, and 4000 eV are presented in Figure 1b . The measurement at 758 eV is the most surface sensitive among the three presented and will be the most efficient one to detect even minimal surface contamination. For example, in the overview spectra in Figure 1b , the O 1s signal detected at a binding energy of 533 eV with incident photons of 758 eV arises largely from surface contamination, while it is barely observed at 2100 or 4000 eV. The same is observed regarding the contamination peak on the C 1s core level peak at 285 eV that is dominating the spectrum at 758 eV, whereas the MA + and FA + cation contributions at 286.7 and 288.7 eV, respectively, can be more clearly observed for 4000 eV ( Figure  S1 ).
The influence of the IMFP should not be neglected, and it is important to remember that the signal from the various core levels of a given element have different IMFPs, as the kinetic energy of the photoelectron is different. The iodine core levels I 3d and I 4d recorded with a photon energy of 758 eV, for example, have an IMFP of 6 and 17 Å, respectively. This difference can be of great importance when a sample is not homogeneous and can easily lead to misinterpretation when directly translating core level information into atomic percentages. These differences can be limited by comparing core levels located in a narrow binding energy region, i.e., photoelectrons with a similar kinetic energy and as a consequence similar IMFP. The binding energy region presented in Figure 1c contains the core level peaks Br 3d, I 4d, and Pb 5d, and quantifications in our previous work were done using their intensities. 18 On the basis of the same argument, we can assume that the information contained in a valence band is made of electrons all originating from a similar surface sensitivity.
When comparing the spectra of Figure 1c , clear intensity differences between Br 3d, I 4d, and Pb 5d can be observed. These differences are directly related not only to the proportion of the elements present in the material but also to different photoionization cross sections (σ). Quantification can be made only after correction by these parameters. The evolution of the ionization cross sections of Br 3d, I 4d, and Pb 5d is presented in Figure 1d as a function of the photon energy. The evolution of the cross section of the main core level peaks observed in the overview spectra can also be found in Figure S2 . The cross sections of the elements presented in Figure 1d are all decreasing when the excitation energy increases. However, if we look at the detailed variation of these curves, we can see that at 758 eV, σ Br3d > σ Pb5d , but at 4000 eV, σ Br3d < σ Pb5d . These changes are directly observed in the PES spectra, as the intensity peak of Pb 5d gets significantly stronger compared to the Br 3d core level peak when the photon energy increases.
The calculated I/Pb and Br/Pb ratio measured with three different photon energies are presented in Table 1 and are seen to vary with probing depth. This is in line with our earlier reports based on similar quantitative estimations that the mixed perovskites are not always perfectly homogeneous toward the surface. We showed that the bulk ratios obtained by using These results highlight the advantage of the variation in surface sensitivity with photon energy or more specifically with the kinetic energy of the elastically emitted photoelectrons and how core levels can be used to get a better insight about the composition of a sample. Nevertheless, it is important to have a good control of the cross sections, and although such corrections are maybe obvious and expected when considering core level regions, it is important to remember that the same considerations should be taken in the valence region.
3.2. Impact of the Photon Energy Variation on the Valence Band Spectra. Photoelectron spectroscopy is mainly used in the solar-cell community to investigate the energies directly linked to the optoelectronic properties of perovskite materials and in particular the position of the VBM compared to the Fermi level. In the following, the valence band spectra will be investigated as a function of the excitation energy, ranging from 21.2 eV used in UPS to 4000 eV used in HAXPES. Figure 2a presents an extended view of the valence band measured with seven different photon energies: 21.2, 80, 250, 500, 758, 2100, and 4000 eV. All spectra (except for the UPS spectrum at 21.2 eV) contain two sharp peaks at 19.8 and 22.4 eV corresponding to Pb 5d 5/2 and Pb 5d 3/2 , respectively, and assigned to a Pb 2+ oxidation state. At a binding energy of 18.0 eV, a minor peak is observed (marked by a red arrow in Figure  2a ) and is assigned to Pb 5d 5/2 for the metallic lead Pb 0 (<1 atom %). The effect of Pb 0 in solar cell devices is still not completely clear. 45, 46 However, its presence is useful in this present PES study to control the viability of the Fermi level energy calibration procedure used. The position of Pb 0 can thus be used as an internal reference, and the fact that its binding energy is at 18.0 eV, as generally referenced for metallic lead, validates the energy calibration and indicates that charging effects are negligible.
The lower binding energy region of the spectra (17−0 eV) is dominated by valence state structures arising from different hybridizations mixing the frontier atomic states. These structures will be described in detail in the next section of the paper, but we can already mention that they contain the valence electrons of our mixed perovskite, i.e., Pb (6s, 6p), I (5s, 5p), Br (4s, 4p), C 2p, and N 2p. When the photon energy is varied, the evolution of the Pb 5d core level peaks compared to the rest of the valence band structure can be directly related to the evolution of their relative cross sections shown in Figure  2b . The Pb 5d core levels mainly dominate all the spectra, whereas the valence structures are quite weak except when a photon energy of 250 eV is used. The cross section of Pb 5d at 80 eV is about 2 orders of magnitude higher than the cross sections of levels dominating other parts of the valence structure (Figure 2b) . At 250 eV, this difference in cross sections reaches a minimum and increases again from 250 to 4000 eV, explaining also the experimentally observed evolution.
When the evolution of the photoionization cross sections of the valence electrons (i.e., excluding Pb 5d) are compared, it is clear that the relative cross section between the elements in the MA + and FA + cations (i.e., carbon and nitrogen) versus those of the [PbX 6 ] − octahedral (including I 5p/s and Br 4p/s) vary in a different manner depending on the excitation used. At 80 eV excitation energy, the cross sections are higher for C 2p or N 2p (i.e., MA + and FA + constituents) than for the I 5p/s and Br 4p/ s, while the opposite is observed for photon energies higher than 500 eV. The cross-sectional variation will have an impact on the experimental spectra, and we can already predict that the organic part of our materials will be easily observed in the valence band when low photon energies are used, while the The Journal of Physical Chemistry C Article inorganic part should dominate the spectra at higher energies (>500 eV).
To give a more detailed description and discussion of the valence band structures, DFT calculations are a valuable support to define and attribute more accurately the valence band structures numbered I−VII in Figure 2a. 3.2.1. Interpretation of the Valence Structure. DFT calculations on CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 models were used as a basis to assign the main structures observed experimentally in our valence band and to rationalize the photon energy dependence in the experimental valence band spectra. Figure 3 shows the total density of states (TDOS) and the partial density of states (PDOS) of the different elements of CH 3 NH 3 PbI 3 (in red) and CH 3 NH 3 PbBr 3 (in green) from the DFT calculations. The separate s-and p-orbital contributions are presented together with the experimental spectrum at 250 eV exhibiting more resolved structures. The general shape of the calculated spectra is in line with previous reports. 31, 47 As a brief summary of the calculations, we note that the band edge for CH 3 NH 3 PbI 3 is dominated by a large feature at 2−6 eV ascribed mainly to I 5p. Moreover, the halide orbitals are mixing with the lead orbitals in the inorganic framework of the hybrid perovskite states forming a valence band edge, which in the literature has been conceptually divided into an upper and a lower part. 48 At the very top of the valence band (peak I) around 2 eV in CH 3 NH 3 PbI 3 , there is a mixing between I 5p and Pb 6s, whereas further down at the high-energy side (6 eV, peak II) of that feature, the lead contribution is predominantly of Pb 6p character. The overlap between the I 5p and Pb 6s and Pb 6p orbitals results in bonding and antibonding combinations, which in the crystal is broadened by dispersions in the bands and the formation of the lowest states in the conduction band, as depicted in Figure 4 . The orbital mixing in the calculations is also seen in the I 5s−Pb 6p feature at 14 eV (peak VI), whereas the feature at 10 eV (peak IV) is nearly pure Pb 6s. In CH 3 NH 3 PbBr 3 , the corresponding features are downshifted by increasing amounts from +2 eV for Br 4p and to +4 eV for Br 4s. We want especially to bring the reader's attention to the strong sensitivity in the Pb 6p character at 2−6 eV and 10−14 eV to the PDOS of the halide ion. This is a direct consequence of the difference in binding energies for Br Notice that at low binding energies around 7 eV (peak III), the C 2p orbitals dominate, and further down at 12 eV (peak V), the N 2p orbitals dominate, because nitrogen has a higher nuclear charge but also a deficiency of electron density because the cationic charge is centered around the ammonium group. Based on these considerations, the TDOS and PDOS are compared to the energy diagrams of [PbBr 6 ] − and [PbI 6 ] − clusters in Figure  4 .
While the theoretical discussion above was based on the simpler model systems for clarity, we also controlled the general outcome by performing a calculation on a mixed perovskite ( Figure S3 ), and this calculation clearly supports the present discussion in terms of character for the different features observed in the valence level measurements. Before calculating the PDOS, we performed a rigorous structural search and refined them through structural optimization to find the minimum energy configuration for the structure for the mixed perovskite: FA 0.83 MA 0.17 Pb(I 0.83 Br 0.17 ) 3 . As depicted in Figure S3 , we generally observe contributions similar to the ones discussed for the model systems above. Specifically, the iodine and bromine p and s contributions are very similar. The contribution of the Pb s is more pronounced around 7 eV, while the contribution at 10 eV is much lower, possibly connected to limitations or differences in the pseudopotentials. The contributions of nitrogen and carbon look similar, despite the mixed cations in the realistic model, but with some increased mixing with the inorganic framework. Figures 3 and 4 do not take into account the cross section of the different orbitals. For comparison to the experiments, the PDOS of specific orbital character of specific elements were multiplied with the photoionization cross sections in Figure 2b to enable direct simulation of the measured evolution of the valence band spectra of mixed perovskite materials as a function of the photon energy. The resulting simulated TDOS are presented and compared with the experimental spectra in Figure 5 . The structures assigned to the organic part (i.e., C 2p and N 2p, peak III and V, respectively) are labeled in blue, whereas the inorganic structures are marked in red. The simulated PES data show that apart from the absence of Pb 5d level (which were only The Journal of Physical Chemistry C Article implicitly included in the pseudopotentials), the general trend of the experimental data can be reproduced. At high energies (>500 eV), the ionization of heavy elements (lead and halides) dominates the PES data at 4 eV and 10−18 eV. Even though the levels at these energies involve electronic bands formed with orbital contributions from several elements, the energy dependence of their cross sections exhibits the same behavior as those of the contributing atomic levels. At low energies (<500 eV), we notice the appearance of features in the intermediate region related to the lighter elements, carbon 2p and nitrogen 2p. Note that the simulated PES spectra underestimate the intensity in the feature IV, related to lead, observed in the experimental data, and relative weights of different orbital contributions could be further adjusted to fit the experiments. We can also notice that the change in the relative weight of feature VI (I 5s contribution) is underestimated in the simulations.
As previously predicted from the evolution of the cross sections, more spectral structures can be resolved with a low photon energy. Such considerations clearly highlight the difference expected when comparing traditional UPS with synchrotron-based SOXPES and HAXPES data. At low photon energy (21.2 eV), levels with p character of both light (C and N) and heavy (Pb, I, Br) elements have a high cross section, while heavy elements and specifically Br 4p and I 5p mainly will dominate the spectra obtained when using high photon energies. Moreover, with an energy of 21.2 eV, we note that features from the I 5p and Br 4p (peaks I and II) are less strong although their relative cross sections versus the MA + and FA + constituents are a few orders of magnitude higher. At this point we also have to remember that the surface may contain some inhomogeneity and/or contamination and that the IMFP for the lower photon energy regime is still relatively short compared to the one reached by energies used in HAXPES measurements. As a consequence, the signal originating from the outermost surface including carbon-based surface contamination will be significantly enhanced in UPS, complicating the interpretation of low photon energy PES of such material. Now that we have a better understanding of the valence band structures, a deeper discussion can occur on the basis of these spectra. As an example, the valence spectra of the mixed perovskite either stoichiometrically prepared or with a deliberate deficiency of PbI 2 (−10%) have also been recorded with the same energies, and the full set of spectra is presented in the Supporting Inormation ( Figure S4 ). The spectra recorded at 80 and 4000 eV of the −10%, 0%, and +10% are shown in Figure 6 . The spectra at 4000 eV are all very similar, while variations can be observed at 80 eV. Our previous investigation through the core levels has revealed that these three materials contain PbI 2 below the surface with greater amount when going from the −10% to the +10% samples. At the surface, a slight excess of the organic part of the perovskite in the form of formamidinium iodide (FAI) was detected with larger amounts present for the −10% sample. 18 The valence at 4000 eV is dominated by the inorganic part of the perovskite, i.e., the PbI 6 octahedra having a similar electronic structure as PbI 2 ; therefore, not so much difference can be seen in the spectra. In the spectra at 80 eV, the sensitivity is higher for the light elements, and the differences observed can be due to the different amounts of organic part present at the surface as well as different levels of contamination. In addition, the −10% sample has a more intense peak around 14 eV (assigned to I 5s) compared to the other sample, in good agreement with the iodide excess detected at the surface. We have described the origin of the variations in the valence band structure in the first part of this paper. In short, when translating PES spectra into DOS plots, it is important to take the ionization cross sections into account in the interpretation. At selected photon energies, the PES spectra are more closely related to partial density of state (PDOS) plots reflecting a set of orbital characters. We have also discussed how the chemistry, i.e., different surface compositions, can influence the overall shape of a valence band spectrum.
3.3. Estimation of the Valence Band Maxima. The determination and control of the valence band edge (or valence band maximum, VBM) is an important parameter for the development of full solar cell devices. The determination of the precise VBM allows the drawing of the band energy alignment diagram.
An approach to estimate the VBM but also the position of the conduction band minimum (CBM) is generally achieved by combining PES and inverse PES (IPES). 50−52 A different approach for estimating a complete band energy diagram, as presented in Figure 7 , is to determine the position of the VBM in relation to the Fermi level (E f ) using PES and to determine CBM from the optical band gap (E g ). The optical band gap is generally determined using ultraviolet−visible diffuse reflectance spectroscopy via a Tauc plot 53, 54 or more directly by photoluminescence spectroscopy. 55 The position of the CBM can thus be deduced as shown in Figure 7a . The measurement of the work function Φ of the surface of the material of interest is necessary if we want to present an energy band diagram versus the vacuum level, as shown in Figure 7b . The work function Φ of the material is generally measured using either PES or Kelvin probe measurements. 56 The following discussion will mainly focus on the determination of the VBM versus E f . The energy difference between E f and VBM is often determined by PES using either UPS or XPS. The first step consists in the calibration of the spectra, which is generally done by measuring a well-defined reference, e.g., clean silver or gold, and setting its Fermi edge at 0 eV binding energy. Second, one needs a procedure to determine the VBM from an experimental spectrum with a shape of the outermost structure that, among other things, for a pristine sample depends on the density of state, cross sections, and crystal orientations together with experimental effects such as resolution and signal-to-noise levels. The estimation of the VBM is often determined through an extrapolation procedure.
The most common approach is to use a linear extrapolation of the outermost edge of the valence band, 50, 53, 57 although this can clearly be questionable for many samples. Trends in a VBM value with an accuracy of about ±0.1 eV have been estimated for different families of samples. 58 The use of this approach for the different valence band spectra of our mixed perovskite recorded at various photon energies is presented in Figure 8a ,b for the +10% material (extrapolation of the −10% and 0% materials are found in Figures S5 and S6, respectively) . The Figure 6 . Comparison of the valence band spectra of three mixed perovskite samples recorded at 80 and 4000 eV. The sample labeled as 0% was prepared using a stoichiometric precursor, while the two other samples were prepared via a nonstoichiometric precursor solution with either an excess of Pb 2 (+10%) or a deficiency of PbI 2 (−10%).
The Journal of Physical Chemistry C Article extracted VBM values are presented in Figure 9 as a function of photon energy for the three different materials (+10%, 0%, and −10% PbI 2 ). This linear extrapolation is relatively easy to apply as long as the signal/noise ratio is reasonable and the distribution of the results obtained for the different excitation energies is relatively narrow. However, for the perovskite family of samples investigated here, such an approach often leads to absolute values that have to be treated with care. In the present case, all VBM values estimated using a linear approach are around 1.7−1.8 eV, which is higher than the band gap Valence level spectra of the mixed perovskite material measured at different energies: 21.2, 80, 250, 500, 758, 2100, and 4000 eV. The valence band maximum (VBM) was estimated in two different ways using a "linear extrapolation" (a, b) and a "logarithmic extrapolation" (a′, b′). For both methods, the VBM was taken as the energy value at the intercept of two lines extrapolating the baseline and the main intensity drop. These intersections are presented as gray lines. A linear intensity scale was used for the "linear extrapolation", while a logarithmic intensity scale was used for the "logarithmic extrapolation". The estimated VBE values determined by using these two approaches are plotted in Figure 9 . estimated to be 1.6 eV for this material, and thus would indicate a Fermi level located within the conduction band. A similar finding was also observed for TiO 2 using either UPS or HAXPES. 53, 59 An alternative procedure to estimate the absolute position of the VBM was more recently used. 60 States at low binding energies were emphasized by plotting the spectra on a logarithmic intensity scale, and the shape of the valence band edge was compared to theoretical calculations. In such a procedure, largely treating the DOS increase as exponential, the VBM is determined when the intensity drops toward zero and generally occurs closer to the Fermi level than in the previous approach. This approach is shown in Figure 8a′ ,b′ for the +10% sample (see Figures S5 and S6 for the −10% and 0% samples, respectively), and the corresponding extrapolated VBM are also summarized in Figure 9 . The VBMs using a logarithmic scale are found to be approximately 0.4 eV lower than the VBM estimated with a traditional approach. Energy diagrams resulting from such a process combined with values obtained from optical band gaps become more realistic, as the position of the Fermi level lies within the band gap. However, this latter extrapolation is not always trivial and well-defined because noise may dominate the band gap region.
The valence band spectra around 0 eV binding energy can be seen in the Figure S7 . While the signal is mainly dropping in intensity at energies between 2 and 1 eV, we can note that there is still signal detected between 1 eV and the Fermi level at 0 eV. This remaining signal in what may be considered as the band gap region could largely be due to the presence of metallic lead with a density of state down to the Fermi level. 46, 59 Signal originating from higher orders of light of the synchrotron radiation can also contribute to the detected counts.
The VBMs obtained with both approaches are presented in Figure 9 and show that the "linear extrapolation" gives results with a better accuracy (±0.1 eV) while the "logarithmic extrapolation" gives more realistic values with less precision (±0.2 eV). In addition, we can also see that for the mixed perovskite materials measured here an estimation of the VBM is not necessarily energy-dependent, and results obtained by UPS, XPS, or HAXPES are all very similar. This result is certainly not expected for all materials and is a consequence of the character of the valence band edge being clearly dominated by I 5p.
CONCLUSIONS
The valence band spectra of a mixed perovskite were investigated by photoelectron spectroscopy using different photon energies (UPS, SOXPES, and HAXPES) combined with DFT calculations. A detailed insight of the valence structure beyond the valence band edge was obtained showing how the intensity of different contributions can be enhanced by changing the photon energy of the incident source. Photon energies higher than 500 eV give a valence band where contributions of the heavy inorganic elements, i.e., iodine, lead, and bromine, are dominant while the organic cations states will be more visible when lower photon energies are used. The variation of the IMFP is also directly linked to the change in photon energy, and the carbon-containing contamination present at the surface will also be enhanced when low photon energies are used.
Important in solar cell engineering, we showed that the VBM energy values, which generally are extracted from the valence band spectra, show only minor variations with the photon energy used. Hence, UPS and HAXPES can give similar results for these kind of materials, indicating that relative changes in VBM can be followed with high accuracy using either technique. The main contribution to the valence structure around the VBM comes from I 5p/Br 4p, and a modification of the photon energy will impact only its intensity and not its position. We compared two approaches to determine the VBM using either a linear or a logarithmic intensity scale. A difference of about 0.4 eV is found between these two approaches in the case of a set of three different mixed perovskite materials. If the energy difference between the VBM and the Fermi level of a material is to be determined, a conversion of the intensity scale to a logarithmic intensity, thus capturing lower densities of states, will give more realistic results.
■ ASSOCIATED CONTENT

* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpcc.7b08948. C 1s core level spectra of the mixed perovskite (+10% PbI 2 ) as a function of the photon energy; evolution of the photoionization cross section of I 3d, Pb 4f, Br 3d, O 1s, N 1s, and C 1s as a function of the photon energies; DFT calculation on the stoiechiometric mixed perovskite, calculation details, and results; evolution of the experimental valence band spectra of the stoichiometric and −10% PbI 2 mixed perovskite materials as a function of the photon energy; linear and logarithmic extrapolation of the VBM on the stoichiometric and −10% PbI 2 mixed perovskite materials (PDF) Figure 9 . Estimated VBM of three mixed perovskites (−10%, 0%, +10% in light gray, gray, and black, respectively) determined using the linear (squares) and the logarithmic extrapolation (circles) plotted as a function of the photon energy (hν) used. The UPS measurement (hν = 21.2 eV) was measured for only one sample (+10%).
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